Abstract: There is widespread assumption that vernacular earth dwellings in hot climates, particularly those in central Iran are climate-responsive and provide thermal comfort in hot periods even without the aid of electro-mechanical cooling systems. The paper describes two surveys undertaken to investigate the provision of comfortable indoor temperatures in vernacular central-courtyard earth dwellings in Yazd in hot seasons. Firstly, a thermal comfort survey established the comfort temperature for the residents of vernacular dwellings during hot summer days in Yazd. Secondly, the diversity of temperatures that could be found within different spaces of typical vernacular dwellings on typical summer days was investigated by measuring and recording the temperature variations. Recorded temperatures were afterwards compared with the comfort temperature (zone) obtained from the thermal comfort survey in order to discover whether indoor temperatures fall inside (or outside) the comfort zone. This showed to what extent and vernacular passively-cooled houses could provide comfortable indoor temperatures.
Introduction
There is a widespread assumption that vernacular earth dwellings in hot climates, particularly those in central Iran, are climate-responsive buildings in which thermal comfort is provided in hot periods even without the aid of conventional cooling systems (such as: Noghsan-Mohammadi, 2003; Taghi, 1990; Memarian, 1998; Von Hardenberg, 1982; Kheirabadi, 1991; Schoenauer, 2000; Bonine, 2000; Memarian and Brown, 2006; Taghi, 1990) . These assumptions are not based on vigorous scientific investigations on the thermal performance of the passive cooling techniques adopted in vernacular Iranian architecture. The only research has previously been undertaken by Bahadori and Yaghoobi (2006) , who focus on the thermal performance of central courtyard houses equipped with vernacular cooling systems, as well as by Bahadori (1978) , Roaf (1988) and Safarzadeh and Bahadori (2005) . Nevertheless, much of this work is based on computer simulations and theoretical mathematical studies rather than on empirical measurements (Foruzanmehr and Vellinga, 2011) . Consequently, the extent to which traditional systems today provide comfortable conditions and the way vernacular architecture can withstand extremely hot summer temperatures have not been well addressed. To address this gap the paper describes two surveys undertaken to investigate the provision of comfortable indoor temperatures in vernacular central-courtyard dwellings in Yazd in hot seasons: a thermal comfort survey, and a temperature variation survey. Firstly, by carrying out a thermal comfort survey, the comfort temperature (and also the comfort-temperature zone) was established for the residents of vernacular dwellings during hot summer days in Yazd. Secondly, the diversity of temperatures that could be found within different spaces of typical vernacular dwellings on typical summer days was investigated by measuring and recording the temperature variations. Recorded temperatures were afterwards compared with the comfort temperature (zone) obtained from the thermal comfort survey in order to discover whether indoor temperatures fall inside (or outside) the comfort zone. This showed, whether and how (i.e., to what extent and for how long) vernacular passively-cooled houses could provide comfortable indoor temperatures.
Methodology -thermal comfort survey
In order to find out the comfort temperature (and also the range of comfortable indoor temperatures) for the purpose of this research study, a thermal comfort field survey in passively-cooled vernacular dwellings in Yazd was conducted. Because the inhabitants of vernacular houses were going about their everyday life in their dwellings, a thermal comfort field-survey approach was adopted in order to collect data about their thermal environment and concurrent thermal responses.
The thermal comfort survey involved 143 thermal-sensation votes (from about 120 distinct respondents who participated), and was carried out from the 5th to the 9th of August 2008 during the hot season in the traditional neighbourhood of Fahadan in the city of Yazd. The start time of each day's survey was often before 8:00 am and the finish time was typically 11:00 pm. All subjects looked as if they were in good health. The age of the subjects ranged from 18 to 75 years with a mean age of 35. Temperature was used as, according to Heidari (2000) , the principal physical variable. Air temperature was obtained alongside the relative humidity using small digital data loggers (TempTec thermo-hygrometer: model TH 103). The size of the thermo-hygrometer was small, so the temperature it was measuring was probably close to the operative temperature. It could measure a temperature range of -10°C to +50°C with a precision of 0.1°C. Wind speed was also measured using a pocket anemometer/wind-metre (model: Kestrel 1000). This wind-metre could measure the wind-speeds in a range of 0.3m/s to 40m/s with an accuracy of ±3% of reading. The instruments (data logger and wind-metre) were carried from subject to subject, and were positioned close to the subjects and at chest height (i.e., 20 to 30cm away from them). The measurement of environmental data was taken while the subjects were completing their thermal comfort questionnaires. Some of the subjects responded only once, and some did more. This data, plus the actual local time of completion were also entered on the questionnaires. The questionnaire had previously been translated into Persian. This might have left some difference from the meaning of the original English version; Humphreys (2008) has assessed some of these differences for some other languages. The questionnaire contained two main sections: thermal sensation, using a seven-point ASHRAE scale (cold, cool, slightly cool, neutral, slightly warm, warm, hot) and thermal preference, using a five-point scale (much warmer, slightly warmer, no change, slightly cooler, much cooler). In the first section, subjects were asked about how hot or cold they felt at the time they answered the question. They had to tick or mark inside the box which they felt best described their feelings. In the second section, the subjects were asked about how they would have liked to feel, whether warmer or cooler. Data from the thermal comfort survey as well as those from the Iran Meteorological Organization (2009) were used for further analysis.
Methodology -temperature variation measurements
In order to investigate the temperature variations inside traditional dwellings, temperature readings were taken in a number of typical and representative traditional dwellings in Yazd. A set of criteria was established and used to assure the representativeness of the selected buildings. It comprised:
1 Location: selected buildings were located in the traditional neighbourhood of Yazd.
2 Age of the building: selected buildings were constructed in or before the 1920s.
3 Materials of the building: selected buildings were all earth buildings, made of sun-dried and/or baked mud bricks.
4 Existence of a central-courtyard in the building: selected buildings had a central internal courtyard, with accessible distinct winter and summer rooms on two opposite sides (north and south).
5 Existence of a basement in the building: selected buildings had an accessible basement with a window to the courtyard where the data logger could be installed for the period of the temperature measurement survey.
6 Intact cooling features: selected buildings were intact and equipped with intact passive cooling systems; this means that they were not altered by adding extra doors or windows in the spaces where temperature measurements were taken. The traditional cooling systems in the selected buildings were not disabled, blocked, or modified by an air-conditioning unit.
7 Safety and good physical condition: the choice of the houses was primarily on their physical condition. Selected buildings were structurally sound, and safe enough for carrying out the survey and for leaving the data loggers over the period of the survey.
8 Permission for access to the building: selected buildings had permission for access granted by the owner or authorities in charge of the building. The accessibility of properties for the survey was an overriding factor.
More than 30 traditional buildings were initially identified and listed for conducting the temperature readings. The case-study houses were identified based on the data from the literature review and that from experienced local experts and architects. The listed buildings were visited afterwards and, according to the above-mentioned criteria, seven case-study houses were selected as representative of vernacular central-courtyard passive dwellings in the city of Yazd. This part of the survey was conducted over two periods of time, both in the hot season. Three out of seven buildings were surveyed from the 18th to 21st June 2007 and the rest were measured from the 5th to 9th August 2008, two typical hot periods of the year in Yazd.
Permission was granted by the owners of these buildings: the Iranian Cultural Heritage Organisation, the Municipality of Yazd and the Management and Planning Organisation in the city of Yazd. The temperatures were recorded in different naturally-ventilated and passively-cooled spaces as well as in some rooms cooled with evaporative coolers. This allowed a comparison to be made between various indoor temperatures and comfort or outdoor temperatures; and helped to find out the extent to which these traditional houses can provide comfort temperature for occupants. In order to monitor the temperature variations within the selected case-study houses, i-button temperature data loggers were installed in different spaces such as in basements, loggias, courtyards and rooms. Figure 1 illustrates the location of the data loggers on the plan of one of the case study houses (Mahmoodi House), and Figure 2 shows a view of the courtyard in this house. These data loggers measure the temperature within a range of -40°C to +85°C in 0.5°C increments. They log up to 2,048 consecutive measurements at equidistant intervals ranging from 1 to 255 minutes. Their accuracy is ±1°C for temperatures between -30°C and +70°C, and ±3°C for temperatures outside this range. Important parameters which required definition before instalment were temperature ranges for each data logger, time between readings and start time. They were set to record the temperatures at five minute intervals for a period of a week (to ensure logging continued to the end of the survey period). The measurement period could not be extended because the access to the buildings was restricted, and time limits did not allow a longer record time.
The data was downloaded from data loggers onto a portable computer on the evening following the last day of recording. This was a very quick and simple process, taking about 30 seconds per logger. The software allowed initial comparisons to be made. Graphs were generated from the logged temperatures for further analysis.
The climatic data which were automatically recorded -every 30 minutes -by the Iran Meteorological Organization (2009) in the city of Yazd was also added to the collected data. Recorded indoor temperatures were analysed against the comfort zone limits to find out whether they would fall inside or outside the comfort zone and the duration of the time that temperature might exceed the comfort threshold. This analysis showed to what extent and for how long these passive cooling systems should be assisted by other means of cooling in these buildings in order to provide comfort. The results and analysis of the collected data is extensively explained in the following sections.
Analysis of the thermal comfort survey in Yazd
During the short-term study of thermal comfort in summer 2008, the logged indoor temperatures ranged from a low of 25°C to a high of 37.5°C with an average of around 29.9°C (Table 1) . At this period, the outside temperature ranged from 27.5°C to 39°C with a mean of 33.3°C. The mean monthly outdoor temperature in August was 29.4°C. The mean metabolic rate was around 1.6 met and the mean clothing values was 0.50 clo. The activity levels and clothing values were determined from observation of the subjects' activities and clothing.
Distribution of sensation votes (comfort votes) and preference votes
The distribution of thermal sensation (or comfort) votes is shown in Table 2 and Table 3 . Figure 3 also shows the overall picture of the distribution of thermal sensation votes of subjects in this short-term thermal comfort survey. The ASHRAE thermal sensation scale (ASHRAE Standard 55, 2004) was used for this survey ranging from (7) for hot to (1) for cold, with (4) for the neutral. The votes varied from slightly cold (3) to hot (7). The peak vote was for neutral (4) receiving 55.9% of the entire votes. The mean sensation vote on the ASHRAE scale (+1 to +7 instead of -3 to +3) was 4.38, which means a sensation of neutral to slightly warm. Around 81% of subjects' votes (116 out of the total 143 votes) fell into one of three central categories, between slightly cool and slightly warm. Furthermore, it is interesting that when the range of sensation votes were in comfort range slightly cool to slightly warm (three to five), the operative temperature varied from 25°C to 37.5°C. Considering the temperature range, it can be seen that subjects were comfortable in a wide range of temperatures.
There were no votes for cool (2) and cold (1) whereas about 19% of votes fell into the warm (6) and hot (7) categories. This shows that only the minority of subjects (19%) were thermally uncomfortable in this survey. A five-point thermal preference scale was devised ranging from 1 for warmer to 5 for cooler with 3 for no change. The distribution of thermal preference votes is shown in Table 4 and Table 5 . Percentages of preference vote on the five-point scale were 7% preferring slightly warmer, 39.2% no change, 44.1% slightly cooler, and 9.8% cooler. The mean preference was 3.57, which means that the majority of the subjects preferred the temperature to stay the same or be slightly cooler. Standard deviation of preference votes was 0.76. Figure 4 and Table 6 and Table 7 show the cross-tabulation of and correlation between thermal preference and sensation votes. It can be seen that there is a strong positive correlation between thermal sensation votes and preference votes. The warmer the sensation votes indicated, the cooler the subjects preferred to be, relative to how they felt at that time. Note: **Correlation is significant at the 0.01 level (two-tailed).
Correlation coefficient between sensation votes and preference votes

Correlation coefficient between sensation votes and indoor temperatures
Correlations of the thermal sensation and preference votes with the indoor temperature are presented in Table 8 and Figure 5 and Figure 6 . The correlation between indoor operative temperature and thermal sensation votes was relatively high (0.59), so that the higher the temperature was, the warmer the sensation became. Such a relationship also existed between indoor air temperature and preference votes. As shown in Figure 6 , most of the subjects preferred lower temperatures when there was a rise in the indoor temperature. Note: **Correlation is significant at the 0.01 level (two-tailed). The results demonstrate that the preference votes showed a slightly lower correlation with operative temperature (0.56) than what the sensation votes did (0.59), which is in agreement with Nicol et al. (1994) and Heidari (2000) .
Calculation of the neutral temperature from regression analysis
One of the methods for predicting the subjective thermal comfort which results from a given temperature, or a combination of climatic variables, is regression analysis (Nicol et al., 1994) . In this research, a simple linear regression was performed using the responses on the ASHRAE seven-point scale versus operative temperature to determine the strength of the relationship between them. Table 9 shows the results of the regression analysis. As shown in this table, the slope of comfort votes is around 0.19/°K while Nicol (1993) has reported that 0.25/°K is the most common regression slope in field surveys. However, Humphreys (1976) found a slope of 0.22/°K from a worldwide field studies review, and Heidari (2000) reported a gradient of 0.21/°K in traditional housing in Iran during hot seasons. Such slopes are less steep than the slope of 0.33/°K reported by Fanger (1970) from his climate chambers experiments. According to Humphreys (1976) the lower values of the slope suggest the occurrence of adaptation of respondents to their thermal environments. Wyon (1994) suggests that in different environments the regression slope relating the reported thermal sensation to temperature would vary due to differences in expectations of that environment, thus different neutral temperatures will be produced.
From Table 9 it can also be seen that the intercept of the line is -1.319 which, with slope of 0.19, yields the equation: 0.19 1.319
In this equation C V is the comfort vote (thermal sensation vote) and T in is the ambient (indoor) temperature. This equation can also be written as:
If C V is neutral and, therefore, has the value 4, T in will equal neutral temperature (T n ), thus we will have:
(4 1.319) / 0.19 28
Considering the possible standard error, the neutral temperature in the course of this survey was 28°C ± 1°C. It is comparable with neutral temperatures from other field studies in hot regions notably those of Webb (1959) with 27.2°C in Singapore; Nicol (1972 Nicol ( , 1975 with 32°C in India and Iraq; Nicol et al. (1994) with 26.7°C to 29.9°C in summer in Pakistan; Malick (1996) with approximately 28°C in Bangladesh; Heidari (2000) with 27.4°C to 28.4°C during summer in Ilam, Iran; and Heidari (2006) with 28.4°C in Yazd, Iran. The subjects (the residents of the selected traditional neighbourhood in Yazd) were free to move or sit anywhere and could choose to sit on cool floors; this perhaps explains why their neutral temperature was as high as 28°C. The regression line of thermal sensation of all subjects in the scatter diagram, presented in Figure 5 , shows a high correlation coefficient of 0.592 between operative temperature and thermal sensation votes which indicates a well fitting regression line between them.
Calculation of the neutral temperature using Griffiths' method
In order to make an accurate estimate of the neutral temperature a spread of temperatures and a substantial number of data are required ). The sample used in this thermal comfort survey was a fairly small sample of comfort votes over a short period of time. Therefore according to Humphreys and Nicol (2000) , in order to improve the predictive accuracy, an assumed regression slope for the relationship between comfort vote and temperature was used. As a result of this, equation T n = T g -2 (C V -4) was achieved (where T g is globe temperature, T n is neutral temperature and Cv is comfort vote). (Table 10) . As can be seen the calculated neutral temperature from Griffiths' method is different from that using regression analysis. The reason is that regression analysis includes some adaptations (i.e., it takes into account that subjects might be wearing less or more clothing or have a fan running). This adaptation brings about a reduction in the variation in the comfort vote (for a given change in the temperature) and a decrease in the gradient of the slope of comfort votes. The Griffiths' method, on the other hand, is supposed to be assuming that no adaptation has happened. It is trying to predict what subjects would be comfortable at if they did not adapt at all. Therefore, the slope of comfort votes is higher, and considering the average comfort vote of 4.38, results in a higher neutral temperature. 
Correlation coefficient between comfort and indoor/outdoor temperatures
The equation calculates the neutral temperature for any given indoor temperature in the range of 25°C to 37.5°C. Table 12 shows the regression analysis between neutral and outdoor temperature. As shown in this table, there is a low to moderate correlation between neutral and outdoor temperatures (i.e., + 0.385). This can be explained by the fact that the research respondents were experiencing the comparatively stable indoor temperatures (like basements, or rooms with huge thermal mass) rather than the outdoor. Table 13 demonstrates different ranges of the measured indoor temperatures and the number of thermal sensation and discomfort votes which occurred in each range. It shows that when the indoor air temperature was between 25°C and 28°C, all of the votes fell within the comfort zone, and no one was dissatisfied with the ambient temperature. In the range of 28°C to 30°C, only 6.8% of the votes indicated dissatisfaction with the indoor temperature. This means more than 93% of the subjects were experiencing comfortable temperatures. When the temperature increased 2 to 6 degrees higher than the neutral temperature (i.e., when it was between 30°C and 34°C), the proportion of subjects dissatisfied with the temperature rose to 35%. The percentage of discomfort votes increased to 50% for the temperatures between 34°C and 36°C, and when the temperature exceeded 36°C no one was comfortable with temperature. On average, more than 85% of the subjects were comfortable when the temperature was in the range of 28°C to 33°C. This proportion is high, and shows that even when the temperature is five degrees higher than the neutral temperature, a majority of people are still in their comfort zone. The zone of comfortable temperature can be expanded for two to three degree if subjects use electric fans. This can be interpreted as: the number of discomfort votes would decrease if electric fans are used. In this case, for temperatures from 28°C to 33°C, the proportion of satisfied might rise over 90%. Interestingly, the results a simultaneous survey (Foruzanmehr, 2010) showed that 35% of the respondents used electric fans for cooling in addition to other methods.
Summary of the results of the thermal comfort survey
The results of the survey (and performance a simple regression analysis) showed that the neutral temperature was 28°C, and the upper acceptable limit was 33°C (in which over 85% of the people surveyed were satisfied). At the time of the survey, the majority of the subjects preferred the temperature to stay the same or to be slightly cooler. The warmer the sensation votes indicated, the lower the subjects preferred the temperature to be. The findings are similar to the pattern of the results from many previous surveys such as Nicol (1972 ), Woolard (1980 , Sharma and Ali (1986) , Malick (1996) , Malama (1997 ), Nicol et al. (1994 and Heidari (2000 Heidari ( , 2006 . Good agreement was also found between the findings of this study and other previous field studies in terms of relationships between indoor-air and neutral temperatures. The neutral temperature (T n ) was dependent on the indoor temperature (T in ) based on the following equation:
( ) 0.62 10.6 25 37.5
Temperature variation survey
In order to investigate the variations of the temperature in vernacular houses in Yazd, seven representative typical traditional central-courtyard houses were selected, and temperature recordings were carried out in various spaces within them during a typical hot period. Table 14 shows the summary of temperature recordings in one of these case-study houses (Lariha house). The findings from the temperature variation and thermal comfort surveys revealed that in all of the selected case-study houses, none of the passively-cooled ground-floor rooms (even those equipped with a wind-catcher) could supply comfortable indoor temperatures (i.e., between 25°C and 30°C) to inhabitants throughout an entire typical hot summer day. The basement was the only space in which the temperature fell within (or possibly below) the comfort zone. This makes it clear why basements and underground living rooms were traditionally used as alternative living spaces by inhabitants to stay comfortable. The average temperatures in the basements were substantially and continuously below the mean outdoor temperature suggesting that the basement could be a permanent source of cooling, and a place for seeking shelter from hot summer days. In almost all cases, the temperature fluctuation in the basement was the smallest compared to the other spaces in the house. This could be due to the fact that basements by definition are below ground level and coupled with earth. The small swings of temperature in basements might also be the result of their depth, window sizes, and location in the house, and the amount of ventilation in them.
In almost all of the ground-floor spaces in which the measurements were taken, the mean indoor temperatures were below the mean outdoor temperature. This shows that the surveyed buildings reduced the temperature in the ground-floor rooms by means of vernacular passive cooling systems, though not enough to bring it down within the comfort zone. Summer rooms (north-facing rooms) showed slightly lower mean temperatures compared to winter rooms. The winter rooms were exposed to direct sun for a large portion of summer days and tended to have higher temperatures. This justifies why there has, traditionally and climatically, been a distinction between summer-and winter-rooms, as indicated by Von Hardenberg (1982) , Fethi and Roaf (1986) , Roaf (1988) , Taghi (1990) , Kheirabadi (1991) , Memarian (1998 ), Schoenauer (2000 , Bonine (2000) , Memarian and Brown (2006), and Nicol (2008) .
Generally, the fluctuation of temperatures inside the rooms was substantially below the outdoor temperature swing, suggesting that the massive structure of the houses modulates and stabilises the indoor temperature. Wherever there was a lack or shortage of ventilation in a space (because of the closed doors, windows, etc.) the temperature proved to be more stable.
The peak temperatures in ground-floor rooms were less than the outdoor peak temperature. The reduction in the peak indoor temperature leads to a reduction in the peak cooling load which could eventually result in a decrease in the peak electricity demand; this is very advantageous in hot regions because it could help prevent cutbacks or reductions in electric power. However, the impact of the reduction in peak indoor temperatures in summer on peak electricity demand is a subject that needs further rigorous investigation.
Courtyards of the surveyed houses showed dissimilar temperature performances in this study. The swing of temperature in the courtyard was found to be either less or more than that of the outdoor temperature in different cases. The ratio of the area of the courtyard to the height of the surrounding rooms, the orientation of the courtyard, the amount of vegetation and even the existence of openings to the basement seem to be influential in the range of temperatures that a courtyard provides. However, this can be an area of further research. The temperature variation survey also showed that the fluctuation of temperature in the loggia was less than the outdoor but more than the indoor temperature. The only period of time when the temperatures in the courtyard and the loggia were found to be within or close to the comfort zone, was the evening until early in the following day. This explains why the courtyard and loggia were traditionally used as a living, sitting or resting area in the evening and early in the morning in hot periods.
The recorded temperatures on rooftops fell within the comfort zone from about midnight (or late evening) until early in the following morning, explaining why rooftops were used for sleeping at night in hot summers in the past.
Conclusions
The outcomes of the thermal comfort survey established a neutral temperature of 28°C and a comfort-temperature range of 25°C to 30°C for the residents of vernacular central-courtyard dwellings in Yazd. The analysis of the results of the temperature recordings showed that vernacular houses could not provide this temperature throughout an entire typical hot summer day except in their basements. However, these buildings could reduce space cooling requirements by means of vernacular passive cooling measures to the point at which there was less (minimum or sometimes no longer any) need for a conventional cooling system. This confirms that these buildings are, to some extent, climate-responsive, and could help reduce peak electrical demand; offset mechanical cooling with free cooling; and help in maintaining adequate comfort conditions.
In line with the empirical study by Roaf (1988) , the results of this study showed that there was a variety of temperatures in the surveyed houses, and different spaces in these houses performed differently in terms of the temperature they provided. The diversity of spaces and the variety of temperatures in the vernacular house offer the inhabitants the possibility of selection and adaptation. The inhabitants can select different environments and adapt to the temperature (and in the space) they like most. This leads, as Nicol (1998, 2008) noted, to an easier achievement of thermal comfort. This also confirms the assumptions made by many academics in the field (such as: Noghsan-Mohammadi, 2003; Taghi, 1990; Memarian, 1998; Foruzanmehr, 2006; Von Hardenberg, 1982; Kheirabadi, 1991; Schoenauer, 2000; Bonine, 2000; Memarian and Brown, 2006 ) that vernacular houses in hot dry climates of Iran help in providing thermal comfort. However, since the climate of Yazd is extremely hot in summer, comfort in the house, without the aid of mechanical cooling, is only possible to achieve, by moving around the house to take advantage of the most suitable of the diverse climates in the house at any particular time of the day. This involves the use of the roof at night, the use of the ground floor in the morning and evening and, more importantly, the use of the basement during the hottest time of the day, between noon and around 5:00-7:00pm. This agrees with the claim made by Roaf (1988, p.204 ) that movement around a house during a summer day has been an essential adaptation by traditional populations of hot desert regions. However, the inconveniences attached to these movements in the present-day lifestyles might lead to the use of electro-mechanical cooling, or to the abandonment of these houses.
